The ex-situ catalytic pyrolysis of Citrus unshiu peel was performed over mesoporous catalysts, Al-SBA-15 and Mesoporous Y, which have different acidity and structures. The Brunauer-Emmett-Teller surface area, pore diameter, and temperature programmed desorption of NH 3 were measured to analyze the characteristics of the catalysts. A tandem micro reactor-GC/MS system was used for catalytic pyrolysis and product analysis. By applying catalytic pyrolysis, a large number of oxygen-containing compounds were upgraded to furans and aromatics with the formation of byproducts, such as light olefins, CO and CO 2 . Mesoporous Y exhibited better performance for aromatic hydrocarbon formation than Al-SBA-15 owing to its medium-strength acidity and structural properties.
INTRODUCTION
The value of alternative energy sources is increasing due to fossil fuel shortages and global warming. [1] [2] [3] Among the various types of energy sources, biomass has been used widely to produce bio-oil, which can be used as a fuel or chemical feedstock owing to its renewability and availability. Although some biomass conversion techniques, such as ethanol production, have been commercialized, a multi-step pretreatment is necessary. [4] [5] [6] [7] [8] [9] [10] Pyrolysis is a thermal technique that converts biomass to valuable gas, oil or char at medium temperature ranges, mainly 400∼600 C. [11] [12] [13] [14] [15] [16] [17] Most of biomass pyrolysis research has focused on woody biomass and its individual components. 18 19 Although a large amount of fruit peel is generated, only a few of pyrolysis applications for fruit peel have been reported. 20 21 Citrus unshiu is a fruit that leaves inedible peel as waste. Citrus unshiu peel is composed of pectin, hemicellulose, cellulose, and lignin in its cell wall, which can be converted to bio-oils.
Although a large amount of citrus peel is generated due to the increased production of Citrus unshiu, most Citrus unshiu peel is sent to landfill or dumped at sea. Therefore, a more desirable technique is necessary not only to treat peel waste, but also to produce high a quality fuel or chemical feedstock.
Recently, some studies reported the thermal and catalytic pyrolysis of citrus peel or byproducts of the citrus juice manufacturing process. [22] [23] [24] [25] [26] [27] Kim et al. examined the pyrolysis reaction of mandarin peel by thermogravimetric analysis (TGA) and pyrolyzer-gas chromatography/mass spectrometry (Py-GC/MS). 23 They reported that the pyrolysis of mandarin peel resulted in the decomposition of pectin, hemicellulose, cellulose, and lignin as well as the devolatilization of char, producing high portions of methanol and acetic acid as well as valuable compounds, such as limonene and vitamin Kim et al. carried out the in-situ catalytic pyrolysis of mandarin residue from the mandarin juice processing industry and obtained a high monoaromatic yield using microporous catalysts. 24 However, the catalytic pyrolysis of Citrus unshiu peel using mesoporous catalyst has seldom been investigated. 27 Because of their large pores, the application of mesoporous catalysts to catalytic pyrolysis of Citrus unshiu peel needs to be investigated. In this study, the ex-situ catalytic pyrolysis of Citrus unshiu peel over mesoporous catalysts, Al-SBA-15 and mesoporous Y (Meso Y), was ARTICLE performed using a tandem micro reactor-GC/MS system for the first time.
EXPERIMENTAL DETAILS

Samples
Citrus unshiu, which was harvested in Jeju Island, was purchased and peeled. After 2 days air drying at ambient temperature, the peel was cryo-milled with liquid nitrogen and dried at 60 C for 4 hr. The dried peel sample was sieved to 200 and 300 m particle sizes and kept in a desiccator.
Synthesis and Characterization of Catalyst
Al-SBA-15 and Meso Y which have similar Si/Al ratio (Si/Al = 20 and 15) were prepared using the synthesis methods reported elsewhere. [28] [29] [30] [31] The N 2 sorption and temperature programmed desorption of NH 3 (NH 3 -TPD) were performed to examine the physical properties and the acidity of each catalyst, respectively, following previously reported procedures. 15 32 33 Table I shows the results of physical properties of mesoporous catalysts including Brunauer-Emmett-Teller (BET) surface area and pore diameter. Whereas the acid strength of Al-SBA-15 is weak, as shown by the peak at 170 C in Figure 1 , Meso Y has both weak acid sites (appearing at approximately 170 C) and medium-strength acid sites (appearing at approximately 350 C) and their number and strength are comparatively higher than those of Al-SBA-15.
Catalytic Pyrolysis Using a Py-GC/MS
A tandem micro reactor (RX-3050-TR, Frontier laboratories, Japan)-gas chromatography/mass spectroscopy (GC/MS, 7890A/5975 inert XL, Agilent Technologies, USA) was used for the ex-situ catalytic pyrolysis along with online product analysis. 26 27 2 mg of the sample in the sample cup was placed into the 1st heater of the pyrolysis. The pyrolysis products emitted from the 1st furnace were transferred to the 2nd furnace for the catalytic upgrading over 2 mg of catalyst. Many studies used a high catalyst to sample ratio, 4:1 34 ∼20:1, 18 to observe the absolute effect of catalytic reaction; however, it is difficult to expand this process to a large scale due to the high cost of the catalyst. Therefore, a low catalyst to sample ratio (1:1) was applied to these experiments and the catalyst bed temperature was maintained at 600 C. The final products were identified by GC/MS analysis. In addition, other detectors (FID and TCD) were also used to quantify the yield of the gas and oil products. The data was calculated using the average peak area of three times replication experiments. Figure 2 shows the pyrograms obtained from the ex-situ catalytic pyrolysis of Citrus unshiu peel over the mesoporous catalysts. In the case of non-catalytic pyrolysis, a relatively large quantity of oxygen-containing compounds, such as alcohols, ketones, and acids, were detected along with limonene and fatty acids. Limonene is a valuable constituent, which has a strong orange flavor. In the case of ex-situ catalytic pyrolysis over both Al-SBA-15 and Meso Y, the amount of oxygenates decreased, whereas aromatic compounds increased. This suggests that oxygencontaining products were catalytically upgraded to aromatic compounds in the 2nd furnace of the tandem micro reactor. In particular, heavy oxygenates (Peak # 22-26) were not detected in the ex-situ catalytic pyrograms of the Citrus unshiu peel over Al-SBA-15 and Meso Y. Because the mesoporous catalysts used in this study had a large pore size, large molecules could diffuse easily into the pores of these catalysts. 34 The content of aromatics in the bio-oil obtained from the non-catalytic reaction was 1.74%, whereas those from catalytic pyrolysis over Al-SBA-15 and Meso Y were 11.57 and 29.11%, respectively. The higher catalytic activity of Meso Y compared to Al-SBA-15 can be explained by the medium-strength acidity and structural property of this catalyst. Meso Y is an efficient catalyst for aromatization 35 because this catalyst not only has sufficient medium-strength acid sites ( Fig. 1) but also a large pore size, like Al-SBA-15. Therefore, large-size pyrolyzates can also diffuse into the pores of Meso Y allowing larger amounts of oxygenates to be upgraded to aromatics. Figure 3 shows the selectivity (peak area %) toward the oil products, which was classified by the functional the higher acidity of the catalyst enhanced the deoxygenation reaction of furans and produced aromatics and olefins. Furans can be obtained by the dehydration of carbohydrates when catalytic pyrolysis is applied, 36 and these furans can be converted to olefins and aromatics via additional decarbonylation and oligomerization inside the pores of a strongly acidic catalyst.
RESULTS AND DISCUSSION
19 Figure 4 presents the yields of gas, oil, char, and coke obtained from the ex-situ catalytic pyrolysis of Citrus unshiu peel. In these experiments, char was produced in the 1st reactor of the tandem pyrolyzer. Therefore, the char yields were the same (22 7± 1 0 wt%) in all experiments. Due to the catalytic reaction in the 2nd reactor, the oil yield decreased with increasing gas and coke formation. The catalytic reaction over Meso Y produced a larger amount of gas and a smaller amount of oil than that over Al-SBA-15. The results also suggest that a larger amount of oxygenates was upgraded via catalytic reaction more efficiently over Meso Y with the production of large amounts of gas, non-oxidized oil (mainly furans and aromatics) and coke. The oxygenates in the pyrolyzates were upgraded to aromatic compounds along with a high amount of CO and CO 2 emission. Therefore, the gas yield increased with decreasing oil yield when the catalytic reaction was applied efficiently. 18 Table II shows the gas product distributions. The pyrolysis of Citrus unshiu peel produced a larger amount of CO 2 than CO due to the high pectin content in Citrus unshiu peel. Pectin contains a large number of carboxyl groups of galacturonic acid that are esterified with methanol. Therefore, a large amount of CO 2 can be formed by the dissociation of this carboxyl group. Through the catalytic upgrading over Meso Y and Al-SBA-15, CO and CO 2 are increased together with hydrocarbon gas. CO and CO 2 are generally produced as a result of decarbonylation and decarboxylation, respectively. 18 Light hydrocarbons are also increased by catalytic upgrading. In particular, the yields of light olefins (ethene and propene) were quite high from the reaction over the Meso Y catalyst. This suggests that light olefins are also major byproducts of catalytic reactions over a medium-strength acid catalyst.
CONCLUSION
The non-catalytic pyrolysis of Citrus unshiu peel produced large amounts of oxygenates, such as alcohols, ketones, furans, and acids. By applying mesoporous catalysts, Al-SBA-15 and Meso Y, these oxygenates were upgraded to aromatic hydrocarbons and furans. Enhanced aromatic formation was obtained from catalytic upgrading over Meso Y than over Al-SBA-15 due to the mediumstrength acidity and structural property of Meso Y. In addition, larger amounts of CO, CO 2 , and light olefin gas were produced as the byproducts of catalytic reactions, such as dehydration, decarbonylation and decarboxylation, when Meso Y catalyst was applied.
